We evaluated the effects of different methods of installing a capacitance soil moisture sensor on the sensor's output with six soil types and three methods of sensor installation. For Method 1, the sensor was first placed in a container and then buried. For Method 2, the entire sensor (including prongs and circuitry) was inserted into a prepacked soil sample. For Method 3, the sensor prongs were installed directly into a prepacked soil sample, and then soil was placed around the circuitry. The sensor outputs of Method 1 were significantly smaller for the volumetric soil water content ( ) of most of the soil types compared with the sensor outputs of the other two methods. Large differences in sensor outputs were observed in relation to the installation method, which resulted in a large estimation error when using a soil moisture sensor. For example, the difference in values calculated by the calibration equation obtained by Methods 1 and 2 was 0.076 m 3 m −3 , a maximum for the Andisol sample. We observed a significant linear relation between the maximum differences in (which might result from the different sensor installation methods) and the coarse pore volume determined from soil water characteristic curves. Compaction around the sensor induced by sensor installation, which might be considerable for soil with many coarse pores, was considered the main reason for an increase in the soil moisture sensor's output value. For the sensor installed by Methods 2 or 3, a second-order polynomial equation could be used to translate sensor output to accurately except for soils with > 40% clay content or very low bulk density.
Summary
We evaluated the effects of different methods of installing a capacitance soil moisture sensor on the sensor's output with six soil types and three methods of sensor installation. For Method 1, the sensor was first placed in a container and then buried. For Method 2, the entire sensor (including prongs and circuitry) was inserted into a prepacked soil sample. For Method 3, the sensor prongs were installed directly into a prepacked soil sample, and then soil was placed around the circuitry. The sensor outputs of Method 1 were significantly smaller for the volumetric soil water content ( ) of most of the soil types compared with the sensor outputs of the other two methods. Large differences in sensor outputs were observed in relation to the installation method, which resulted in a large estimation error when using a soil moisture sensor. For example, the difference in values calculated by the calibration equation obtained by Methods 1 and 2 was 0.076 m 3 m −3 , a maximum for the Andisol sample. We observed a significant linear relation between the maximum differences in (which might result from the different sensor installation methods) and the coarse pore volume determined from soil water characteristic curves. Compaction around the sensor induced by sensor installation, which might be considerable for soil with many coarse pores, was considered the main reason for an increase in the soil moisture sensor's output value. For the sensor installed by Methods 2 or 3, a second-order polynomial equation could be used to translate sensor output to accurately except for soils with > 40% clay content or very low bulk density.
Introduction
Soil moisture sensors are fundamentally important tools for evaluation of the amount of soil water in a soil layer. Time-domain reflectometry (TDR) is used widely to detect the volumetric soil water content ( ) by monitoring the dielectric constant of soil (Noborio, 2001; Robinson et al., 2003; Bittelli, 2011) . Recently, capacitance sensors, an alternative type of soil moisture sensor, have also become widely used to monitor soil water movement in the field (Lin & Zhou, 2008; Annaka & Hanayama, 2014) and to control soil moisture in irrigation systems (Burnett & van Iersel, 2008) .
The output values monitored by these sensors should be converted to by calibration equations, because the sensors actually measure the soil's dielectric characteristics. The relations between sensor output and are well known to depend on the sensor type and to be affected by other factors such as soil type (Topp et al., 1980; Weitz et al., 1997) , dry bulk density ( d ) (Dirksen & Dasberg, 1993) , soil temperature (Saito et al., 2009 ) and soil electrical conductivity (Rosenbaum et al., 2011; Kargas et al., 2014) . Little is known about the effects of the methods of sensor installation, however. Experimental results from Rothe et al. (1997) showed that the output of TDR was probably decreased because of soil compaction around the fine steel rods of the probes when they were inserted into dense soil. Ghezzehei (2008) also demonstrated that compaction can affect sensor output because of the method used to insert the TDR rods. These results suggest that the effects of sensor installation might not be negligible in certain cases. However, the effects of the method of sensor installation on the sensor output have not yet been studied in detail, especially for capacitance sensors.
Two methods are commonly used to install capacitance sensors in a soil layer in the field or in soil columns for laboratory-based experiments: (i) the sensor is placed in a vessel first, which is then filled with a soil sample to bury the sensor (Figure 1b) (Kizito et al., 2008; Parsons & Bandaranayake, 2009; Rosenbaum et al., 2011) and (ii) the sensor is inserted directly into a prepacked soil sample (Figure 1c ) (Saito et al., 2009; Cobos & Chambers, 2010) .
Comparisons of the calibration equations obtained in earlier studies have indicated that the calibration equations obtained by the first method differ from those obtained by the second method, even for similar types of soil. For example, Mitsuishi & Mizoguchi (2014) reported calibration equations for sand and Andisol samples prepared using the first method of sensor installation, whereas Decagon Devices Inc. (2014) and Miyamoto et al. (2013) obtained equations with the second method for a mineral soil (including sand) and an Andisol. Their calibration equations differed even though their soil types were similar. These results indicate the possibility that the relation between sensor output and the actual value of might be different when the sensor installation methods differ, even when the soil type is the same.
To identify the effects of methods of sensor installation on sensor outputs, we carried out a series of laboratory tests in which a capacitance sensor was installed in soil samples using the two methods described above. We also examined a third installation method (Method 3) that reflects sensor installation in the field, in which the prong part of the sensor only is inserted into a prepacked soil sample and then the remaining circuitry part is covered with soil ( Figure 1d) . We compared the sensor outputs obtained with these methods, and we attempted to determine how different sensor installation methods affect sensor outputs. Then, we elucidated the dominant factors that determine the magnitude of the effect of sensor installation on its output value. We also proposed a versatile calibration equation that can be used for each sensor installation method, and examined conditions for the use of these equations to improve the usability of the capacitance sensor.
Materials and methods

Soil materials and measurement of physical characteristics
Six soil types taken from the field at sites across Japan (Figure 2 ) were evaluated. The first test soil was the Toyoura sand, which is classified as an Entisol according to USDA Soil Taxonomy (Soil Survey Staff, 2014) . This soil is used as the standard material for various geotechnical and soil physical tests performed in Japan (hereafter, Toyoura sand). The second soil type was an Andisol (USDA Soil Taxonomy) sampled from the surface soil layer (i.e. to 0.1-m depth) of the experimental field owned by the Institute for Rural Engineering, NARO, in Ibaraki, Japan (N 36.031 ∘ , E 140.093 ∘ ). The third type was a clayey soil obtained from a paddy field located at the same research institute. The fourth soil type was Shimajiri Maji (Alfisols according to USDA Soil Taxonomy), which is one of the typical soil types in the southwest islands of Japan (Figure 2) . We sampled the soil from a sugar cane field on Miyako Island (N 24.755 ∘ , E 125.324 ∘ ). The fifth soil type was Tohoku farmland soil, sampled from the surface layer in a glasshouse used to cultivate strawberries in the town of Watari in the Tohoku region (N38.040 ∘ , E140.895 ∘ ). The sixth soil type was Kyushu farmland soil, sampled from the surface layer of an experimental field owned by the Fukuoka Agriculture and Forestry Research Center (N 33.502 ∘ , E 130.563 ∘ ). The soil samples were air-dried and then passed through a 2-mm-mesh sieve before experimental use.
The soil textures of these samples were determined by the pipette method (Gee & Bauder, 1986) and classified in accordance with the International Society of Soil Sciences (ISSS) classification (Murano et al., 2015) . We measured the relations between and the matric potential by a suction column method in the wet condition (to −0.3 m of matric potential head) (Jamison, 1958 ) and a pressure cell method in a drier condition (i.e. matric potential head < −0.3 m) (Dane & Hopmans, 2002) .
Measurement of relations between sensor output and
An EC-5 sensor (Decagon Devices, Pullman, WA, USA) was used to examine the effect of different methods of sensor installation on the sensor's output. A data logger (CR10X, Campbell Scientific, Logan, UT, USA) was used to monitor the output from the sensor. To supply power to the sensor, 2.5 V was applied at the time of measurement using the data logger system. Transparent cylindrical acrylic containers (64-mm inner diameter, 129-mm high, 2.8-mm wall thickness) were used to pack the soil samples. The soil samples were packed to provide d of 1450 kg m −3
for Toyoura sand, 720 kg m −3 for the Andisol, 1200 kg m −3 for the paddy field soil, 1050 kg m −3 for Shimajiri Maji, 1240 kg m −3 for Tohoku farmland soil and 1200 kg m −3 for Kyushu farmland soil. These values were used to reproduce the d of the field from which each soil type was sampled. The d of the Andisol was very small compared with those of the other soil types, but it was similar to the values shown by other studies (e.g. Chesworth, 2008; Iwata et al., 2008) .
The following three sensor installation methods were used.
Method 1. The sensor was first placed in the centre of the container (Figure 1b) . The soil was packed in stages around the sensor to a height of 110 mm from the bottom of the container. Care was taken to eliminate air gaps between the sensor and the soil. The dielectric constant around the circuitry component (black square in Figure 1a ) is known to affect the outputs of the EC-5 sensor (Cobos & Chambers, 2010; Imoto et al., 2010) ; therefore, the entire sensor was also buried in the soil in this study. Method 2. The soil was packed into the container in a stepwise way to a height of 110 mm from the bottom to ensure that the bulk density of the soil sample was homogeneous. The entire sensor (including the circuitry component) was then inserted into the soil by hand (Figure 1c) . Method 3. The soil was placed into the container to a height of 65 mm from the bottom (Figure 1d ). The prongs of the sensor were inserted by hand. Soil was then packed around the circuitry component to bury the entire sensor. Soil uniformity was ensured so that the bulk density around the prongs and the circuitry component was the same as that obtained by determining the weight of the soil samples in proportion to the volume of each space.
First, the sensor was installed by Method 1. After we monitored the sensor output, we removed the soil and the sensor from the cylindrical container. Second, we repacked the containers using Method 2 to obtain the sensor output from a different installation method. We then repacked the containers using Method 3 and monitored the sensor output. Following these procedures, the soil sample was weighed and was increased by adding a certain amount of distilled water to the soil. To ensure homogenous values of , the soil sample was mixed well. It was then left in a sealed plastic container for > 5 hours after the distilled water had been added.
The same sensor was used during the procedures described above to avoid the possibility of the instrumental errors. These procedures were repeated until the soil samples were almost saturated. Three soil columns were prepared for each soil type to obtain the three replicates for each value of . for the Fukuoka farmland soil, which were both 1100 kg m −3 because of the difficulty in packing the soil more densely with the large stickiness of these soil types.
These calibration experiments were carried out at room temperature, fluctuating from 16 to 21 ∘ C. Although the sensor output might be affected by the soil temperature, monitored by the EC-5 sensor fluctuates < 0.005 m 3 m −3 , based on results obtained experimentally by Saito et al. (2009) . This amount of fluctuation was negligible in our experiment.
Observation of soil compaction caused by EC-5 sensor installation
To visualize changes in the soil structure that occur while inserting the sensor, we created thin vessels (8-mm inner height, 39-mm inner width and 105-mm inner length) from 5-mm-thick acrylic plates. To insert the sensor into the vessel, we cut a rectangular window (19.8-mm wide × 39-mm high) on one side of the vessel wall. Next, 300 g of glass beads (size No 1; approximately 1-mm diameter; Toshin Riko, Tokyo, Japan) were mixed with 50 ml of 0.1% red food colouring solution. Air-dried Toyoura sand was also mixed with red food colouring solution to moisten the sample.
The vessels were filled with the mixtures; these represented samples taken under the unsaturated condition (i.e. samples containing air). The vessel tops were covered with acrylic plates. Each vessel was placed on a film viewer (Light Viewer 5700, Hakuba Photo Industry, Tokyo, Japan) to achieve uniform brightness of a light source. A photograph was taken using a digital camera (D600, Nikon Imaging Japan, Tokyo, Japan) with a 60-mm macro lens (AF-S Micro Nikkor 1:2.8G ED, Nikon Imaging Japan) to record the initial condition. The sensor was then placed through the vessel window. Additional photographs were taken when the sensor prongs were inserted and after the entire sensor (i.e. prongs and circuitry components) was installed completely. The photographic images were examined closely to ascertain whether there were any differences that would indicate changes in density following the sensor's installation.
To estimate the glass bead density from the photographic images described above, we also took images of the glass beads packed at three known densities (they were 1130, 1290 and 1580 kg m −3 , which were determined by weighed samples dried in an oven at 105 ∘ C for 2 days). The image brightness was quantified with image analysis software (Photoshop Elements 9, Adobe System Software, Dublin, Ireland). A linear relation between brightness and d was observed, and subsequently the image brightness values of some parts of the samples in which the sensor was inserted were translated to d by the linear regression equation.
Statistical analysis
The data were subjected to a two-way analysis of variance (anova) after confirming normality of the residuals and homogeneity of the variances to evaluate the effects of the three methods of sensor installation and that of on the sensor output. The differences in the mean values of the sensor outputs were then assessed with Fisher's least significant difference (LSD) test. The differences in the mean values of the sensor outputs by the three methods for each were also assessed with Fisher's LSD test. To verify the significant differences in the relation between the sensor output and , we fitted the data of some soil types by linear regression equations and then subjected these results to an analysis of covariance (ancova). These statistical analyses were performed with statistical application programming (BellCurve for Excel, Social Survey Research Information Co. Ltd, Tokyo, Japan). For this study, P-values < 0.05 were considered significant. We also calculated the root mean square errors (RMSEs) between determined with gravimetric methods and those calculated from the sensor outputs to verify their accuracy.
Results
Soil texture and soil water characteristic curve
The textures of the soil samples are shown from their plotted positions in the ISSS texture triangles in Figure 3 . In accordance with the ISSS classification (Murano et al., 2015) , the Toyoura sand was classified as sand. The Andisol was classified as clay loam. The paddy field soil and Kyushu farmland soil were classified as light clay. The Shimajiri Maji soil was classified as heavy clay, and the Tohoku farmland soil as sandy loam.
The soil water characteristic curves of the soil samples are shown in Figure 4 . A rapid decrease in occurred at the matric potential heads between −0.01 and −3 m (equivalent to the capillary tube diameter in the range of 0.01-3 mm), at which the water in the coarse pores drains from the soil samples (Horton et al., 2016) for most of the soil types, except for the relatively moderate decrease of in the light clay soil of the paddy field and Kyushu farmland soil (Figure 3 ; between lines 1 and 2 in Figure 4 ). The value of decreased markedly, especially for the Toyoura sand and Andisol. Because soil water drains from large pores first, these results showed that the proportions of relatively large pores in these two soil samples were large. Figure 5 illustrates the relation between and the sensor output of the six soil samples obtained by the three different methods of sensor installation. The sensor outputs obtained by Method 1 were smaller than those obtained by Method 2, and the sensor outputs from Method 3 at each value of were between those of Methods 1 and 2 for the Toyoura sand and Andisol (Figure 5a,b) . The differences between installation methods were smaller for other soil samples than for the Toyoura sand and Andisol (Figure 5c-f) . Nevertheless, the anova results revealed that the effects of the method of sensor insertion on sensor output were highly significant for all six soil types (P < 0.001, Table 1 ). The average values of sensor outputs, which were obtained from the samples prepared by the different methods, were also significantly different, except for the comparison of the values from Methods 1 and 3 of the Kyushu farmland soil. Average values of sensor outputs obtained by the different methods were also significantly different for several values of , except for Methods 1 and 3 of the Kyushu farmland soil. These results indicate that the sensor output value increased for some values of when the sensor was inserted into the soil sample in most of the soil types.
Sensor installation effects on the relation between sensor output and
The polynomial equations to obtain values from the sensor outputs are shown in Table 2 . The relations between the sensor output and were approximated by linear or second-order polynomial equations for Toyoura sand, Tohoku farmland soil and Kyushu farmland soil. Those of the Andisol, paddy field soil and Shimajiri Maji were fitted better by third-order polynomial equations than by linear or second-order polynomial functions. The correlation coefficients of these regression equations were > 0.99. The RMSE values ranged from 0.005 to 0.016. These results mean that the sensor output can be translated to accurately with these calibration equations.
The maximum differences in calculated from the sensor outputs with these calibration equations (Δ max ) are shown in Table 3 . Large differences in Δ max were observed in the Toyoura sand and Andisol. In particular, Δ max values obtained by Methods 1 and 2 were 0.044 m 3 m −3 for Toyoura sand and 0.076 m 3 m −3 for the Andisol, which were much larger than the RMSEs of the calibration equations for each soil (i.e. 0.013-0.017 m 3 m −3 for Toyoura sand and 0.010-0.015 m 3 m −3 for the Andisol, Table 2 ). These results clearly indicate a marked effect of the method of sensor installation on the relation between the sensor outputs and . The Δ max values for Methods 1 and 2 were in the range of 0.016-0.025 m 3 m −3 for the other four soil types (Table 3) . Similarly, Δ max for Methods 1 and 3 and for Methods 2 and 3, for these four soil types, were in the ranges of 0.001-0.013 and 0.011-0.020 m 3 m −3 , respectively. These values were comparable to or slightly larger than the RMSEs of the calibration equations ( Table 2) . 
Applicability of the manufacturer's calibration equation
Most of the experimental data were plotted above the line of the calibration equations, which means that will be underestimated by converting the output values with the manufacturer's equation. The dots for the Andisol, paddy field soil and Shimajiri Maji, whose relations were fitted well by the third-order polynomial functions (Table 2) , tended to differ from the manufacturer's equation more than those for the other soil types (Figure 6 ).
The relations between sensor output and for Toyoura sand, Tohoku farmland soil and Fukuoka farmland soil are shown in Figure 7 . The results of ancova indicate a significant difference in the relations between sensor output and for Toyoura sand and the two farmland soils prepared by Method 1 (Figure 7a ). Although the relationship was well fitted by a linear equation for the samples prepared by Method 1, almost all of the values for samples prepared by this method plotted above the manufacturer's equation.
The symbols of these three soil types (Toyoura sand and two farmland soils) followed the line of the manufacturer's linear equation when the sensor output was in the range of 400-550 mV for the soil samples prepared by Method 2 (Figure 7b) . The was larger than that of the manufacturer's equation when the sensor outputs were out of this range. Consequently, the regression equations fitted were a second-order polynomial function rather than a linear function (Figure 7b ). Second-order polynomial equations for Toyoura sand and the two farmland soils were almost identical, suggesting that a single calibration equation can be used for these three soil types prepared by Method 2:
Almost all of the values for samples prepared by Method 3 plotted above the manufacturer's equation (Figure 7c) . The relation for the three soil types was also fitted well by second-order polynomial equations: = 8.44 × 10 −7 mV 2 − 4.55 × 10 −4 mV − 0.226.
Soil compaction caused by EC-5 sensor installation
We evaluated the change in the distribution of bulk density of the samples caused by sensor installation with image processing (Figure 8 ). We estimated the initial d of the glass (Figure 8a,d,e) . After the sensor prongs had been inserted into the sample (Figure 8b) , the d increased, particularly around the prongs (i-iv in Figure 8e ). After the entire sensor had been inserted (Figure 8c) , the d between the prongs increased to 1740 kg m −3 (vii in Figure 8e ).
Soil compaction in the samples following sensor installation was observed clearly for Toyoura sand (Figure 8a -c, right-hand panels). Installation of the sensor prongs caused compaction around the sensor, especially at the top of the prongs (Figure 8b , right panel). In addition, installation of the circuitry component enhanced the degree and area of compaction. However, d could not be evaluated by the colour shading method mentioned above because the homogeneous light from the film viewer could not transmit through the particles of sand.
Discussion
Effect of sensor installation method on sensor output value
The Δ max values of Toyoura sand and the Andisol were much larger than those of the other four soils (Table 3) . Nevertheless, the sensor output values still differed significantly according to the method of sensor installation in these four soils, suggesting that the use of calibration equations obtained by different methods of sensor installation might induce systematic error in the values calculated from the sensor outputs. Saito et al. (2009) showed that the error in resulting from soil temperature varied by < 0.013 m 3 m −3 with a difference of 10 ∘ C in soil temperature for monitoring use of the EC-5 sensor. Rosenbaum et al. (2011) demonstrated that the values monitored with an EC-5 sensor decreased by ∼0.09 m 3 m −3 when the soil bulk electrical conductivity increased from 0 to 1 dS m −1 . Jacobsen & Schjønning (1993) reported that values measured by TDR decreased by 0.0037 and 0.0007 m 3 m −3 with an increase in d of 100 kg m −3 and a 10% decrease in clay content, respectively. These values were comparable to or less than the Δ max for Toyoura sand (0.044 m 3 m −3 ) and the Andisol (0.076 m 3 m −3 ). Therefore, the effects of sensor installation must be taken into account for accurate monitoring of , especially for Toyoura sand and the Andisol.
We confirmed that local compaction around the sensor was induced by inserting the sensor into the soil (Figure 8) . Ghezzehei (2008) showed that compaction increases the proportion of pores that remain filled with water because of the decrease in the air-filled pore space. Thus, compaction between and around the sensor prongs might cause an increase in near the sensor prongs, resulting in an increase in the dielectric constant near the sensor prong. Furthermore, van den Elsen et al. (2014) calculated the energy density around the EC-5 sensor with an electrostatic model and reported a concentrated energy density near the prong. Therefore, an increase in the dielectric constant near the prong resulting from r, the correlation coefficient of each relationship; RMSE, the root mean square error between values determined using each regression equation and those determined using the gravimetric method. a Obtained from the relationship between sensor output and using three different sensor installation methods as described in the legend of Figure 5 .
sensor installation by Methods 2 and 3 of the present study will induce an increase in sensor outputs compared with those obtained by Method 1 (Table 3, Figure 5 ). In contrast, the total amount of water in the container does not change with soil compaction in general. Consequently, the relation between sensor outputs and differed markedly with the different methods of sensor installation. Soil with a large ratio of coarse pores can be compacted easily. Figure 9 shows the relation between the ratios of coarse pores, which were equivalent to the amount of pore space drained between the matric potential heads from −0.1 to −3 m (the differences in between lines 1 and 2 in Figure 4 ) and Δ max . The linear relations between these values were significant, except for the relation of the values between Methods 2 and 3 (Figure 9c ). Because Method 1 is the only one that does not affect soil compaction, this suggests that the amount of large-pore space will be an important factor in the magnitude of the effect of sensor installation induced by insertion of the sensor.
In contrast, there was no clear relation between soil texture and Δ max in our experiment. The soil textures of Toyoura sand and the Andisol, which showed a large effect from the method of sensor installation, were sand and clay loam, respectively (Figure 3) . The soil texture of the Tohoku farmland soil was sandy loam, which also contains a substantial amount of sand. However, the Δ max value calculated with Methods 1 and 2 was 0.019 m 3 m 3 , which was one of the smallest values among our six soil types (Table 3 ). The Δ max of the Kyushu farmland soil was the smallest, although the clay content of this soil is similar to that of the Andisol.
Effect of soil type on sensor output
Although there was no relation between Δ max and soil texture, the sensor output value itself was affected by the texture. For our six soil samples, the value of the Andisol was the largest for the same sensor output value ( Figure 6 ). It is well known that of an Andisol is larger than that of the other mineral soils at the same dielectric constant measured by TDR (e.g. Weitz et al., 1997; Miyamoto et al., 2001) . This occurs mainly because of the large amount of bound water resulting from the very small dry bulk density of Andisols, which was also observed in our Andisol sample (720 kg m −3 ; see Materials and methods for more detail).
The value of the other soil samples with a larger clay content tended to be greater than for those with less clay at the same sensor output values. The value of the Shimajiri Maji, which has the largest clay content (Figure 3) , was larger than that of the other soil types except for the Andisol (Figure 6 ). The value of the The Δ-bulk density in panel (e) shows the difference between the initial dry bulk density (i.e. the bulk density of (a) shown in this panel) and that of each part (i-vii) . The image brightness of the glass beads sample decreases with bulk density because the image was taken by placing the sample on a film board.
paddy field soil, which also has a relatively large clay content, was also larger than of the other soils. In contrast, the relation between and the sensor output of the Kyushu farmland soil was not significantly different from that for the Toyoura sand and Tohoku farmland soil (Figures 6 and 7) , although its soil texture, light clay, is the same as that of the paddy field soil (Figure 3 ). Previous studies (e.g. Topp et al., 1980; Ponizovsky et al., 1999) mentioned that calculated from the dielectric constant measured by TDR will be underestimated by Topp's equation for soil samples with a large clay content. Therefore, the larger value of of the paddy field soil ( Figure 6 ) probably results from the larger clay content of this soil compared with that of the Kyushu farmland soil (Figure 3) . The clay contents of the paddy field soil and Kyushu farmland soil were 42 and 28%, respectively (Figure 3) , suggesting that the threshold of the clay content that will induce a larger is probably between these values. Ponizovsky et al. (1999) showed that the relation between and the dielectric constant of a soil with 34% clay content was in accord with Topp's equation, whereas the corresponding relation of a soil with 67% clay content differed from the equation. Therefore, the threshold is likely to be between 34 and 42%. Although further work is required to determine a more specific threshold value of clay content, we speculate that it will be around 40%. The relation between the ratio of coarse pore space and the maximum difference in soil water content at the same sensor output resulting from the given method of sensor installation (Δ max ) of the six soil samples. The ratios of coarse pore space were calculated by subtracting in the matric potential head of −3 m (i.e. at line 2 in Figure 4 ) from the in the matric potential head of −0.01 m (i.e. at line 1 in Figure 4 ). The Δ max is the difference in soil water content between (a) Methods 1 and 2, (b) Methods 1 and 3, and (c) Methods 2 and 3, which we calculated with the equations obtained from different sensor installation methods (the equations are shown in Table 2 ). Solid line: the regression line with the P-value of less than 5%.
Suitable conditions for the use of a versatile calibration equation
second-order polynomial equation (Equation (2)) should be used instead of the linear equation to translate the sensor output to accurately (Figure 7b ). Another second-order polynomial equation (Equation (3)) should also be used to obtain accurately for the common mineral soils for Method 3 (Figure 7c ). These equations can be applied when the excitation voltage is 2.5 mV. Similar equations will be obtained when larger excitation voltages are applied to soil samples with either of the two above-mentioned soil physical properties.
For Method 1, it will be better to use a different calibration equation for the Toyoura sand and the farmland soils (Figure 7a ) because there is a significant difference between the relations of these soil types with ancova. Thus Method 2 or 3 will be a better way to install the sensor than Method 1, considering the applicability of the calibration equations. For field measurements, it is impossible to install the sensor by Method 1 without disturbing the soil. This is another reason why Methods 2 and 3 are recommended, especially for field observations. Although soil will be compacted by insertion of the sensor, the degree of compaction from installing the sensor by Method 3 will be less than that from installation by Method 2 (Figure 8 ). In the light of these points, Method 3 seems to be the best method to install a capacitance soil moisture sensor, especially for field observations.
Conclusions
The method of sensor installation affects the relation between and the output of the EC-5 sensor. Soil compaction around the sensor prongs was suspected to be the main cause of the observed increases in sensor outputs when the sensor was inserted into soil samples. These effects from the method of sensor installation were most pronounced for the soil sample with a large amount of coarse pores. Large errors in the estimate of are likely if the method of sensor installation used in laboratory or field experiments differs from that used to derive the calibration equations.
It would be better to use second-order polynomial equations for the sensors installed by Methods 2 and 3 to translate their output to accurately, rather than to use the manufacturer's linear equation. These polynomial equations can be used for soil with a clay content < 40%, except for soil with a very small bulk density such as Andisols. In contrast, the calibration equations of sand should be different from those of the other mineral soils when the sensor is installed by Method 1. Method 3 is considered the best way to install the capacitance sensor from a practical aspect.
Many capacitance sensors have a shape that is similar to that of the EC-5 sensor, and thus the same phenomena might occur with other sensors. The soil types used in research are shown with calibration equations in most studies. However, the method of sensor installation is not described clearly in some cases. A description of the installation method should be provided together with the calibration equation.
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